Concerns
have been raised about plume induced spacecraft contamination, which can affect performance of the solar arrays and on-board instruments.
Data from the NOVA spacecraft have shown no conclusive evidence of solar array degradation when PPTs were fired in close proximity to the arrays. "-'3
The optical interferometer which will be used on ST-3 has siderostats and transfer fiats which reflect two starlight signals towards a beam combiner. These elements of the system will be exposed to the space environment and could be subject to contamination. Films, which condense on these surfaces, could affect signal intensities and wavefronts resulting in a reduction in performance of the interferometer instrument.
One parameter used to quantify instrument performance is the visibility, which is discussed in detail in a later section. The optical
properties of these films must to be understood to assess their impact on instrument visibility.
Recently a breadboard (BB) PPT was tested and samples of thruster effluents collected. This was done to investigate the symmetry of the PPT plume and study the physical and optical properties of the films formed when the effluents condense on a witness plate. This study further addresses concerns about the optical properties of the films deposited by the thruster that were raised in a previous study, 4 conducted at Glenn Research Center, with the same BB PPT. The results of the previous study showed that in the plane parallel to the electrode pairs, the symmetric case, the off-axis thrust component was below the detection threshold of the thrust stand. However in the asymmetric plane of the PPT, the plume was canted towards the cathode electrode resulting in a thrust vector towards the anode electrode.
It was suspected that the plume was not symmetric around the PPT primary thrust axis. The present, more extensive study was conducted as a follow up to a previous study 5 where only partial farfield planes of a PPT were examined. The plates were exposed to a plume produced by the PPT operating at a single discharge energy level for over a million pulses. Preand  post-test  measurements  collected  from  the  witness  plates  included  reflectance,  transmittance, mass, thickness, and composition.
Experimental Apparatus

Contamination Rake
Two mutually perpendicular semicircular arrays were placed in the plume. There were a total of 24 samples including three control samples. Collimators were positioned every 20°through 180°on the arrays, as shown in Figure  1 . Quartz witness plates were positioned at the back of each collimator. Each collimator was aligned so that the center axis of the collimator would intersect the geometric centerline of the fuel bar face at the PPT exit plane.
Each array included horizontal collimators at positions #1, 11, 12, and 21 as shown in Figure  1 . An additional collimator was placed at the intersection of the arrays, the 90°position (sample #6), facing directly into the PPT. The array with samples #1 through #11
was located in a plane that was perpendicular to the faces of the electrode pairs. Sample #1 was located closer to the anode electrode, while sample #11 was closer to the cathode electrode, making it the asymmetric array.
The array with samples #12 to #21 was positioned parallel to the electrode faces, in the symmetric array. The radius of each array was 61 cm.
A schematic of a collimator is shown in Figure 2 . The collimator was lined with tantalum foil and had two tantalum apertures to restrict the field of view of quartz slide. Each quartz slide was held between two sheets of molybdenum. One sheet had a 2.5 cm diameter hole in it.
This device held the 2 cm x 2 cm square quartz slide only at its comers. Tantalum and molybdenum were used to reduce sputtering and because these metals are not found elsewhere in the tank. The RMS surface roughness of the quartz slides before exposure to the PPT plume was <50_. Each sample was installed in the spectrometer at base pressure of approximately 10 _ torr, then the chamber was backfilled with argon to a pressure of approximately 10-5 torr. The sample surface was sputtered using an ion gun operating at 1 to 2 kV and a 5 kV electron beam rastered over an area of 0.01 mm -_ was used for analysis.
A cylindrical mirror analyzer was used to collect data. During sputtering the composition of the film material was monitored, and through a calibration process the thickness of the films was determined.
Profilometer measurements were taken to determine etch depths where net ablation occurred. The profilometer measurements were made near the interface of the exposed and non-exposed surfaces of the witness plates
The profilometer used had a probe radius of 5 microns.
Pulsed Plasma Thruster
The thruster used in this study, shown in Figure Previous studies have shown the plume consists of both accelerated particles and slow neutrals.6. 7
The BB PPT was pulsed approximately 1.25 million times at a frequency of 1 Hz and an energy level of 43 Joules. Though the testing was interrupted from time to time, the tank remained at vacuum from start to finish. The performance measured for this PPT in a previous study 3 was shown to have an average impulse bit of 710 _tN-sec, with an average mass loss of 60.3 lag/pulse.
Test Facility
The vacuum facility used for this test is at the NASA Glenn Research Center.
The tank is 1.52 m in diameter and 3.05 m high with a 0.51 m cryopump. The facility base pressure is generally in the mid 10 -7 torr range and the pressure during the experiments was in the mid 10 -6 range.
The PPT main capacitor and power processing unit (PPU) were mounted to a copper cooling plate maintained at about 20°C, to prevent capacitor overheating during the long duration run. The PPT was hung at top of the tank, with the nozzle pointing down along the chamber centerline.
The witness plates were positioned below the thruster so that horizontal collimators were aligned with the exit plane of the PPT. The films collected represent a worst case scenario of the flm deposition rate on the witness plates due to facility effects including backsputtered facility materials. To reduce facility effects, the collimators are designed with a limited field of view and fabricated from low sputter yield materials.
Also, baffles located in the bottom of the tank to trap some of the material sputtered off of the tank wall.
Impact on Interferometer Visibility
The visibility parameter is an important figure-of-merit to Larger treas will decrease the instrument visibility to below 0.47, and the required observation times will have to increase beyond the current objectives.
In an early mission study, it was estimated that a siderostat could collect a -6 nm fluorocarbon film during the ST-3 mission. 8 A non-uniform deposition of this film over interferometer instrument elements should reduce the visibility within the tolerable margin, however, tRMS, must be quantified for the specific films expected to determine Fwavefron t. This factor is currently estimated to be 0.625 for the ST-3 interferometer, accounting for all of the elements in the system, but could be further reduced by the PPT effluents. 9
Interactions with the surfaces in the instrument will also reduce the intensity of the source signals before reaching the combiner. A difference in the intensity of each of the signals will reduce the visibility of the fringes in the interference pattern generated by the combined signals. The visibility of a fringe can be expressed in terms of the maximum and minimum intensity on the fringe pattern, and in terms of the electric field strengths, E, in the two beams before combination. 9 
Results and Discussion
Film characterization
Changes in the masses of the witness plates are shown in Profilometer measurements were made at the interface of the exposed and nonexposed on the plates. The measurements show a significant difference in surface roughness between the exposed area, which was ablated, and the shielded area. An example of a profilometer measurement is shown in Figure 4 .
Because of the non-uniform ablation, an average depth was determined. The data collected on the samples mentioned above are given in Table  1 .
The profilometer range of motion, parallel to the surface of the plate was only a few mm, therefore variations across the exposed area of the plates could not be evaluated.
AES measurements of film composition and etch
depth profiles were performed on the remaining 17 samples.
In most cases, the surface was composed of fluorocarbons.
An example of a surface scan is shown in Figure 5 . The electron and ion beams that are used for the AES depth profiling analysis desorb fluorine.
The actual fluorine level is then expected to be much higher than is indicated in the enclosed profiles.
The film thickness on a slide is calculated from a calibrated sputter rate and the amount of time it takes to remove the film.
It is assumed that the deposited film has been removed when the percentage of contaminants in the sputtered material drops below half of the original atomic concentration.
In this study, the carbon concentration profile was used. To determine a sputter rate for this procedure, Figure  6 and the AES film thickness are shown in Table 1 .
Both the mass/loss and deposition/ablation measurements were required to explain the results of the experiment. Plates #12-16 in the symmetric plane should mirror measurements made on plates #21-17, respectively, if the plume was symmetric. There was significant ablation and mass loss on the plates within 30°on either side of the thruster centerline.
There was mass gain and film deposited on the remaining quartz samples in that plane. However, the quantity of mass/loss gain or thickness loss/gain on opposing plates do not correlate with each other.
For instance, samples #15 and #18 should be mirror images of each other; they had similar changes in thicknesses but the mass loss of #15 was greater than the mass loss of#18 by a factor of two. While plates #16 and #17 experienced similar mass loss, the ablation depth of #16 was almost three times greater than the ablation depth of #17. The differences in ablation depth might be explained by slight misalignments in the collimators, since those measurements are taken near the sample edges, and all four comers of a slide were not checked for uniform thickness changes. However, the mass loss is a global measurement and can not be accounted for in that manner.
Similarly, opposing plates in the deposition region, do not necessarily experience a similar mass gain and deposition thickness though the differences are much less dramatic.
The deposition/mass loss profile is more complex in the asymmetric plane.
In the asymmetric plane, plates #5 through #7 showed both mass loss and ablation on the NASA/TM--2000-210364 plates.Plate #6 is parallel to the centerline of the thruster.
There was no opposing sample. Plates #5 and #7 are located 10 o on either side of #6. Plate #5 showed 75% less mass loss but twice ablation depth of #7. Plates #4 and #8 are the most different. Plate #4 had both mass gain and deposition on the surface, while #8 showed significant mass and thickness loss. Similarly with opposing pair #3 and #9, #3 showed mass gain, while #9 showed no mass change but some deposition.
The remaining opposing pairs #1
and #1 I, and #2 and #10 showed both mass gain and deposition, though the results are not nearly as dramatic as the plates that were in the direct plume path. As was anticipated from the previous study, where the plume was attracted to the cathode electrode resulting in an off-axis thrust component, plate #8, which is on the cathode side of the array, showed greater plume impacts.
It is particularly clear that the net effect of the direct plume is ablation; how much deposition also takes place is not easily quantified.
This result leads to the conclusion that the PPT plume produces a complex deposition and ablation process on exposed surfaces.
The spectrometer was used to measure the reflectance and transmittance of each of the samples. The integrated reflectance and transmittance is given in 
Similarly,
in Figure  11 there is a single curve that was representative of a pre-contamination reflectance profiles for all the samples. In this instance, these data are for sample #1 and the post-test data for samples #1 through 6 are also included. Figures 12 through 14 show only the post-test contamination data where each figure contains data from one quadrant of an array.
In all the figures, contamination seems to have less impact on the reflectance than on the transmittance, as evidenced by higher resolution of the y-axis in the figures. Figure 11 showing data from the first quadrant in the asymmetric array has the largest changes. When comparing the samples in Figure  11 with those in Figure  12 , the asymmetry of the plume is obvious. Samples #1 and 2 and samples #11 and #10, which are well outside the plume, have very similar reflectance trends over the wavelength range. Samples #5 and 7, which are well with main body of the PPT plume, also have similar trends.
However, samples #3 and 4 have very different trends samples from the coinciding samples #9 and 8 on the other quadrant of the array. Figures 13 and 14 have very similar trends for opposing samples on either side of the symmetric array and a more tightly grouped series of curves.
Like the asymmetric array, the biggest differences are in the opposing samples located in the plume fringes, but to a much less degree.
The composition of the films as determined by the AES measurements, which are shown in Table  1 Experimental results applied to instrument visibility for ST-3
The results from the analysis of the films collected on the witness plates in the PPT plume were used to determine the effect of these films on Flntensily.
Additional experiments are required to determine the remaining visibility terms. The transmittance, T, and reflectance, R, measurements were used to determine the film absorptance and absorption coefficients, _, of the films with the following relationship, where z is the film thickness, T -exp(-fl:).
100-R
The properties of the films deposited on the witness plate_ throughout the plume vary significantly. As described earlier, the witness plates positioned near the axis of the thruster were etched during high energy ion bombardment.
The effect of the films and surface structure cannot be deconvolved from the measurement_ taken. Therefore, the films applied to determine instrument visibility were taken at large angles off the thruster axis which were not under direct bombardment from high energy ions: samples 12, 13, 20, and 21. These NASA/TM--2000-210364 collected filmsshould alsobethemost similar tothe filmsdeposited ona spacecraft surface notlocated in thedirect lineofsight ofthethruster, which will most likelybethecase fortheinstruments on-board. The samples considered were positioned in thesymmetric plane of thethruster. Figure 15shows The Ft_t_,_i_ can then be calculated from the two known cumulative film thicknesses which each of the two signals will pass through before reaching the combiner.
Blandino et al. 8 estimated that a film thickness of 6 nm could be expected during 5 months of operation for a system delivering 1.4 mN at 2.0 Hz for one potential spacecraft configuration. The sourcetarget separation varied from 100m to 10OOm over this period so the deposition would be expected to be much less than the laboratory case with the witness plate in close proximity to the PPT (flux decreasing as the inverse square of the separation). Across the range of wavelengths investigated, the films obtained in the experiments discussed in this article increased the reflectance of the quartz witness plates by less than 0.8% for films less than 710 nm thick, and decreased the reflectance of the films by no more than 3 % for 200 and 340 nm thick films.
For a 6 nm film, the effect on the reflectance of the surfaces will be negligible. The decrease in transmittance will be most significant at the lowest wavelength, 350 nm. With a 6 nm film thickness and 350 nm wavelength, the transmittance of the film will be 99.64%. The transmittance will increase with increasing wavelength until it reaches 100% at 620 nm.
A worst case scenario for visibility loss through intensity can be evaluated by assuming that only the collector spacecraft collects a 6 nm film. The source signal will pass through a total 24 nm of film after 
Conclusions
Analysis of the fluorocarbon films deposited by the breadboard PPT showed that the film deposition profile in the plume was qualitatively consistent with off-axis thrust measurements previously acquired.
The results showed that the plume was canted towards the cathode electrode. °,°,...°.|.o.,,.,..,  ,.,o,,o 
